Progress in designing of new low-cost magnetoelectronic planar devices requires new articial lms combining tuneable magnetic and electric properties. In this context, metalinsulator lms are prospective for synthesis of materials with tailored physical properties that could be controlled with lms composition and synthesis regimes. Present overview covers the summary of recent experimental results on complimentary and systematic study of macroscopic and local magnetic properties of lms using vibrating sample magnetometer and Mössbauer spectroscopy with respect to phase composition and structural analysis at nanoscale by X-ray absorption spectroscopy in the extended X-ray absorption ne structure range, transmission electron microscopy and high-resolution transmission electron microscopy. Specic relationship between lms structure and resulting magnetic properties (SP relaxation, core-shell exchange interaction, perpendicular magnetic anisotropy) is considered. Eects of magnetic and electric percolation in lms are discussed in correlation with synthesis regimes (atmosphere of deposition, temperature of the substrate) and lms composition. Physical mechanisms and models describing magnetic and electric properties of composite lms are analyzed. Finally, technological approaches are proposed for tuning lms properties towards their desired combination with respect to application in designing of sensors and planar (non--coil) inductive elements.
Introduction
One of the modern trends in applied materials science is developing new articial multifunctional materials and heterostructures that would be able to accomplish multiple performance objectives in a single material [1, 2] . By denition these materials should satisfy the requirements of tunable magnetic and electric properties accompanied with microminiature scale and arbitrary shape, compatibility with silicon processing planar technology, reproducible and reliable processing, low cost and low power consumption. The area of applications for such materials is very wide covering communications, sensing, energy storage, visualization of magnetic elds, transformers, electrical componentry, etc. [3] . Obviously, nanocomposite lms are the best candidate to combine incompatible, sometime alternative properties, and to satisfy the requirements of being multifunctional material. Indeed, magnetic metal (M)insulator (I) granular nanocomposite lms M x − I 100−x (x contribution of metal in at.%, 20 ≤ x ≤ 80) containing nanoparticles of 3d-metal nanoalloy (310 nm in size) dispersed inside various insulating matrixes (Al 2 O 3 , SiO 2 , CaF 2 , ZrO 2 , PbZrTiO 3 , etc.) represent extremely exible and adaptive class of nanostructures oering unique combination of magnetic, electric and magnetoresistive properties that could be tuned towards concrete industrial application [3, 4] . Technologically, this could be quite easily achieved by variation of either lms composition * e-mail: julia@hep.by (ratio of metallic (x) and insulator (100 − x) fractions, material of matrix) or deposition regimes (sputtering atmosphere, temperature of substrate). As a result, MI lm nanoheterostructures sintered with ion-beam sputtering technique possess saturation magnetization M S up to 1800 kA/m, coercive force H C less that 4 kA/m (at room temperature (RT)), magnetic permeability µ up to 200 at 50 MHz and resistivity ρ ranged between 10 −2 and 10 Ω m [5, 6] . Such combination of properties makes MI lm particularly prospective for high-frequency applications [6, 7] . Further to industrial application, such materials are also intrinsically interesting to investigate their specic magnetic and electric properties with respect to phase composition and structure at nanoscale. This overview will cover some aspects of structure and morphology of MI granular lms with variable chemical composition and deposition regimes in correlation with their resulting magnetic and electric properties.
Experimental
The lms were deposited by dc ion sputtering, using 2 keV argon ion gun, at 0.28 nm/s rate, to a thickness 14 µm onto Al and glass-ceramic substrates. The base pressure in the chamber was 2.6×10 top. In this way, by changing the area coverage of the constituents, the metal/insulator compositional ratio in the deposited lms could be varied [8] . Composition of the lms, set in the range of (FeCoZr)
(31 ≤ x ≤ 64, at.%), was conrmed to be close to nominal, by energy dispersive X-ray spectroscopy (EDX) in a scanning electron microscope and by the Rutherford backscattering spectrometry (RBS) [4] .
X-ray diraction (XRD) patterns were collected with an Empyrean PANalytical diractometer using a diracted beam graphite monochromator and an X'Celerator linear detector (Cu K α radiation) at the grazing incidence of 5 degree with respect to the sample surface with the detector scanning the 2θ space over the 10120 degree range. The data obtained were analysed using the prole tting program FullProf [9] based on the Rietveld method. Microstructural studies were done by transmission electron microscopy (TEM), using Philips EM400T microscope operated at 120 kV, and
Philips CM200 operated at 200 kV for high resolution TEM (HRTEM). Extended X-ray absorption ne structure (EXAFS) and X-ray absorption near-edge structure (XANES) measurements were performed at beam line ID26 of the European Synchrotron Radiation Facility using high energy resolution uorescence detection (HERFD) [10] . The absorption proles were detected at Fe and Co K-edges probing intensity of respective K α1 uorescence decay. Analysis of the EXAFS spectra was performed using Viper package [11] .
Study of the surface topography and magnetic contrast was made using Solver 47-Pro atomic force micro- In case of granular lms analysed in present paper estimated grain sizes are usually in agreement with direct observations using TEM. It is noteworthy, however, that several authors note some inconsistency in application of the Scherrer formula for estimation of grain sizes in nanostructured materials [14] . This formula is derived assuming that diraction peak is associated with a family of crystal planes, so that any deviation from translational symmetry (for example, structure imperfections or high proportion of atoms at granules surface) should make size estimations unreliable. Alternative approach is considered in [14] , where the Fourier transform of diraction patterns provides information about average distribution of interatomic distances in granules and makes estimate of particles size.
Magnetic properties
It is well established that magnetic properties of granular nanocomposites are fully dened with the size of metallic nanogranules (or their agglomerates) and, consequently, depend on metallic contribution x [4, 12, 13] . This is well illustrated in Fig. 2 that shows typical images of AFM and MFM for selected lms with compositions around percolation, x ≈ 50 and beyond percolation threshold, x > 50 [4] . AFM images reveal that at studied magnication topography of the lms are similar for all compositions (see Fig. 2a,c) . At the same time, change of MFM images with increasing x in lms reects variation of interparticle magnetic interaction. In particular, labyrinth-like MFM image at x ≈ 50 is probably a signature of magnetic percolation (Fig. 2b) . Above the percolation threshold, at x > 50, stripe-like magnetic contrast (see Fig. 2d ) conrms the formation of magnetically coupled net of the metallic granules [4, 12, 15] . 3d ) and quadrupole doublet on the Mössbauer spectrum at RT (see Fig. 3g ). Films with x ≈ 50 that correspond to magnetic percolation are characterized with increased T B (see Fig. 3b ) and magnetically collapsed Mössbauer spectrum (Fig. 3h) . This well correlates with labyrinth-like structure on MFM image (Fig. 2b ) reecting the onset of Fig. 3 . Typical FCZFC curves (a)(c), magnetization curves (d)(f) and Mössbauer spectra (g)(i) of (FeCoZr)x(Al2O3)100−x lms with x < 40 (a, d, g), x ≈ 50 (b, e, h) and x > 50 (c, f, i) [15, 16] .
ferromagnetic interaction between nanoparticles. Above magnetic percolation, at x > 50, formation of magnetically ordered net of the metallic granules is proved with resolved magnetic sextet on the Mössbauer spectrum (see Fig. 3i ) [12, 15, 16] .
Focusing more precisely on superparamagnetic state of nanoparticles, one should note that generally it means quasi-paramagnetic behaviour of materials containing very small magnetically ordered and weakly interacting particles [17] . Quasi-paramagnetic behaviour originates from thermal uctuations of the magnetic moments of nanogranules around easy magnetisation axis with anite probability that the moment will ip from one easy direction to another. The relaxation time τ , which describes how rapidly the magnetic moment of a particle changes its alignment from one easy direction to another by thermal activation can be written in its simplest form,
proposed by Néel and Hebd [18] as
where τ 0 is a characteristic time constant, k B is the Boltzmann constant, T is the temperature, K is the uniaxial anisotropy constant, and V is the volume of the par- Superparamagnetic behavior of magnetically ordered nanogranules becomes apparent also on temperature evolution of the Mössbauer spectra from non-magnetic spectrum at RT through partially magnetically collapsed spectrum within T B towards well magnetically resolved spectrum below T B . In case, when thermal energy k B T is much stronger than magnetic anisotropy energy ∆E, materials magnetization M (H, T ) could be approximated MR(H) curves could be well tted within the frame of the InoueMaekawa model [22] with the following relationship:
where P is tunnelling electron polarization, m(H) = 
log-normal size distribution of particle diameters D, D mean particle diameter, σ the dispersion parameter, M CaF 2 lms in Ar+O atmosphere resulted in the formation of nanogranules with metallic coreoxide shell structure (see Fig. 5 ) [12] . Formation of such a structure composed of crystalline metallic bcc α-FeCo-based nanosized cores encapsulated in an amorphous oxide shell, all embedded in the amorphous Al 2 O 3 matrix, is revealed with TEM and HRTEM (see Fig. 5 ).
X-ray absorption spectroscopy measurements in EXAFS range (see Fig. 6 ) exhibit selective oxidation of Fig. 5 . HRTEM (a) and TEM (b) for FeCoAl2O3 lm sintered in Ar+O atmosphere [12] .
nanoparticles that mean almost full oxidation of iron, while cobalt is found to be oxidized only partially [12] . 
where H C0 is H C of the sample at T = 0 K.
One of the typical evidence for core-shell structure of nanoparticles is the shift of magnetization curve mea- In addition, the Mössbauer spectroscopy of lm with
x ≥ 58 shows magnetically split spectrum (see Fig. 9b ) with the ratio of line intensities h 3 : h 2 : h 1 equals to3:≈ 0. • , correspondingly. It should be mentioned that intrinsic growth-induced magnetic anisotropy is quite unusual phenomenon for granular nanocomposite MI lms.
In the absence of preferable crystallographic orientation of bcc α-FeCo(Zr) conrmed with XRD, the observed magnetic anisotropy is usually assigned to elongated, ellipsoidal shape of granules [27, 31] . Compara- The value of eective inductive contribution to the impedance estimated basing on the correspondent equivalent circuit was found to be as high as 20 µH/µm 3 at 1 MHz that is much higher than in the case of known diodes, pnp junctions, metal semiconductor interfaces (see references in [33] ).
Interestingly, (FeCo) x (PbZrTiO 3 ) 100−x lms for x ≤ 53 at.% sintered in Ar+O atmosphere reveal inductive--like behaviour even without post-synthesis annealing (see Fig. 11a ). 
